Abstract-Photo-detection in the wavelength range 1850 to 2000 nm using evanescently-coupled germanium detectors grown on silicon waveguides is described. Devices were fabricated at a silicon photonics foundry using a process flow associated with operation in the O, C and L bands, and as such offer a solution for extended wavelength detection which is readily available. Intrinsic sensitivity is via indirect band transitions, which is enhanced by tensile strain and we postulate that it may be further enhanced by defects which arise from the thermal processes associated with 
photodetectors remain the most commonly used in silicon photonics for optical to electrical conversion [1] and have been demonstrated with 1 A/W responsivity at a wavelength of 1550 nm [2] , operating with a bandwidth in excess of 60 GHz [3] , and with low bias [4] [5] [6] [7] . Detectors have also been designed for high performance avalanche operation [8] [9] [10] [11] . The maturity of the linear devices is such that they are available in standard fabrication processes from silicon photonics foundries [12] , [13] . In addition to applications in communications, integrated photo-detection is finding wide use in sensing and more recently in, for example, 'on-chip' Optical Coherence Tomography based imaging applications [14] and may thus be considered ubiquitous. More generally, Ge plays an important role in the formation of high-speed modulators, and as a waveguide material for wavelengths in excess of 8 μm [15] .
While the optical bandgap of Ge provides for excellent responsivity in the O and C bands, detection in the L-band (particularly at longer wavelengths) is reduced, demonstrating considerable "roll-off". Increasing the responsivity of integrated Ge detectors beyond the optical (direct) band-edge has been achieved previously through the introduction of tensile strain, which has the effect of shrinking the optical bandgap of Ge [16] . For detection of wavelengths beyond the L-band, it is generally assumed that the reduced bandgap of binary, Ge-based alloys is required. For example, Dong et al. have shown that GeSn can be integrated with silicon substrates, with surface illuminated detectors providing a response of 0.04 A/W at a wavelength of 1900 nm [17] . An alternative approach involves the introduction of mid-gap states in crystalline silicon, which renders the waveguide sensitive to light with photon energies lower than the Si optical bandgap. This technique of defect-mediated detection has been exploited to produce monolithic waveguide detectors in silicon with bandwidths in excess of 30 GHz, while the excellent amplifying properties of silicon permit high-field responsivities in excess of 5 A/W [18] for a wavelength of 1550 nm. More recently, this technique has been shown to permit detection of wavelengths up to 2.8 μm [19] .
The interest in integrated functionality around wavelengths of 2 μm is fueled by the suggestion that a new communication window at these extended wavelengths could be developed [20] . Such a band would be centered on the output of the ThuliumDoped-Fiber-Amplifier (TDFA) [21] which provides broad amplification from 1700 nm to 2100 nm, a range wider than that associated with the traditional Erbium-Doped-Fiber-Amplifier (EDFA).
In this paper, we report on the detection of light in the 1850 to 2000 nm wavelength range using an evanescent Ge detector integrated with a silicon waveguide. The detector structures were fabricated in a commercial foundry using a process flow normally associated with optical to electrical conversion for the O, C and L bands. The means to implement the devices with silicon photonic circuits is thus readily available. Absorption is via the indirect band edge of Ge, shown here to be enhanced by tensile strain present in the material following epitaxial growth. At 1900 nm this absorption is 73 dBcm −1 . A device of 50 μm in length has a responsivity at 1 V reverse bias of 20 mA/W at 1850 nm, falling to 5 mA/W at 2000 nm, limited by parasitic absorption due to free carriers associated with contact doping of the Ge detector. We suggest approaches to the device design that would increase the responsivity and demonstrate operation of one such improved design, a Separate-Absorption-Charge-Multiplication Avalanche Photo Diode (SACM-APD) which has a responsivity of 0.31 A/W at 1850 nm and 0.08 A/W at 1970 nm.
II. DEVICE FABRICATION AND CHARACTERIZATION
Devices for which results are reported in this study were fabricated at IME, Singapore using their Silicon Photonics MPW process, based on 248 nm deep-ultraviolet lithography. This MPW process is now offered by AMF, also of Singapore. Access to the MPW was facilitated by CMC Microsystems of Canada. Fig. 1 shows schematic representation of the p-i-n detector structures used in this work. The buried oxide (BOX) is 2 μm thick, the silicon layer is 220 nm and the Ge layer is 500 nm. An oxide cladding of 2.1 μm thickness (not shown in Fig. 1 ) was used to encapsulate the structure. The direct growth of Ge on the Si allows for integration of the detector with a silicon waveguide formed in the Si layer. The waveguide tapers from a width of 5 μm to 500 nm over a length of 250 μm, and eventually terminates at a nanotaper coupler, designed for efficient coupling of light from a single-mode-fiber. In this way, light from the input fiber is evanescently coupled into the Ge via the Si waveguide and taper. In some cases, prior to the Ge detector carrier extraction region, (labelled as L DET in Fig. 1 ) a passive Ge layer was incorporated (labelled in Fig. 1 as L Ge ).
The length of the detector (L DET ) varied from 5 to 500 μm; while L Ge was varied from 0 to 492 μm. The width of the Ge was 5 μm (consistent with the wider end of the silicon waveguide taper). Low impedance connection was achieved via top-doping of the Ge using phosphorus (n-type); and side-doping of the silicon using boron (p-type). Similar devices have been described previously in some detail [22] .
All experimental measurements were performed at room temperature. The detectors were characterized at two wavelength ranges: 1550 to 1640 nm, supplied by a Keysight 8164 A Tunable Laser; and 1850 to 2000 nm, supplied by a Sacher Lasertechnik tuneable Littman/Metcalf laser. In both ranges linearly-polarized light was launched into single-mode fiber, polarization-controlled, and edge coupled via tapered fiber into a 180 nm wide inverse-nanotaper. For the short wavelength range, the amount of optical power coupled to the Ge-integrated waveguides was determined by applying an insertion loss which comprised of coupling loss and propagation loss. Both coupling and propagation loss were measured independently using silicon waveguide test structures. The coupling loss varied linearly from 0.95 dB at 1550 nm to 1.6 dB at 1640 nm; and was 4.6 dB for all wavelengths between 1850 nm and 2000 nm. Propagation loss in the silicon waveguide, before evanescent coupling to the Ge commences, varies linearly from 4 dB/cm at 1550 nm to 3.5 dB/cm for 1640 nm; and from 0.6 dB/cm at 1850 nm to 1.1 dB/cm at 2000 nm. The relative increase in coupling loss for the longer wavelength range reflects the difference in mode size while the relative reduction in propagation loss is due to reduced sidewall scattering [23] .
Raman spectroscopy was performed on the exposed Ge (with cladding oxide removed) from the L Ge portion of two samples (spatially separated but on the same chip) to confirm the presence and estimate the magnitude and type of strain. The samples were excited using a 633 nm HeNe laser via 50× objective lens (0.75 N.A.) and the Raman signal was collected in backscattering configuration using a Renishaw in-via system equipped with a 1800 g/mm grating. Prior to conducting the Raman strain measurements, we first determined the excitation laser power threshold below which thermally induced Raman peak shifts were eliminated and a large number of measurements (enabling statistically robust determination of the strain) were taken from (1) the L Ge region; (2) from a bulk (unstrained) Ge wafer; and (3) from unstrained bulk Si (the latter measurements being used for precision instrument calibration).
III. RESULTS AND DISCUSSION

A. Electro-Optical Response
We first measured the steady-state (DC) I-V characteristic of the L DET = 50 μm detector, where L Ge = 0 μm, with input light at a wavelength of 1550 nm and laser output power of −3 dBm. The optical power interacting with the Ge detector is estimated to be −10 dBm. The data is shown in Fig. 2 . For a reverse bias of 1 V we observe an internal responsivity of ∼0.74 A/W, with an associated dark current of 280 nA which is comparable with previous work using a similar detector design [22] , in which the bandwidth was measured to be 11.3 GHz. The responsivity of the same detector was determined, for reverse bias of 1 V, as a function of wavelength for the two ranges 1550 nm −1640 nm and 1850 nm −2000 nm. The resulting data is plotted in Fig. 3 . For the shorter wavelength range the roll-off behavior is consistent with that previously observed [16] . An internal responsivity of 0.74 A/W at 1550 nm decreases with increasing wavelength until at 1640 nm it is 0.11 A/W. In the longer wavelength range the detector has a responsivity that falls from 20 mA/W to 5 mA/W with increasing wavelength. The exponential decay in responsivity with increasing wavelength is consistent with indirect band-to-band transitions [24] .
To ascertain the magnitude of optical absorption via indirect bandgap transitions we made measurements of photocurrent at a reverse bias of 1 V for a range of devices with varying values of L DET and L Ge . In the case of the longer wavelength measurements this provides for an indication of optical loss in the Ge/Si waveguide without the need for an independent determination of parasitic loss due to Ge doping and metallization, as is the case for L DET . Specifically, the photocurrent for devices with L Ge = 0, measured as a function of detector length L DET can be approximated by: where i pc is the measured photocurrent, α sum is the optical absorption coefficient in the detector and A is the saturation photocurrent. In this case, α sum results from a combination of loss mechanisms [25] , which include: intrinsic optical absorption in the Ge/Si waveguide; absorption via the free carriers that result from doping in both the Ge and the Si; and absorption via the metallic contact on the surface of the L DET region. We note that in this case α sum takes no account of the evanescent nature of the coupling from the Si to the Ge, and thus represents a lumped parameter. Fig. 4 shows photocurrent measurements for a wavelength of 1900 nm and input power at the chip of 0 dBm. The fit yields α sum = 0.03 μm −1 . In the case where L DET is fixed and L Ge is varied, measurement of photocurrent varies with L Ge due to the optical absorption of the germanium. The photocurrent can be approximated using the exponential relationship
where i pc is the measured photocurrent, α GeSi is the absorption coefficient in the Ge/Si waveguide and B is the photocurrent for L Ge = 0. However, to determine the optical absorption of the germanium in isolation, α Ge , we are required now to consider the evanescent nature of the optical coupling between the Si waveguide and the Ge. This has been achieved via Finite Element simulation, using the commercial Synopsis software package RSoft FEMSIM. Optical absorption in the structure shown in Fig. 1 with varying L Ge and L DET fixed at 5 μm was simulated and the results compared to experimental data (in the form of measured photocurrent), again for a wavelength of 1900 nm and input power of 0 dBm. The data is shown in Fig. 5 . The optimal value for α Ge = 0.0017 μm −1 , significantly less than α sum = 0.03 μm −1 , confirming intrinsic Ge absorption is not the dominant loss mechanism for the detector structures at 1900 nm. Further investigation using FEMSIM reveals that the dominant loss mechanism in the detector region for wavelengths in excess of 1700 nm is via free carrier absorption due to the highly-doped, top-contact used in the formation of the detector. We note that estimation of α Ge could be achieved also via the use of passive Ge/Si waveguide structures and external photocurrent detection. However, our experiment is performed for Ge/Si formed during the fabrication of functioning detectors and thus the results demonstrate faithful representation of the Ge/Si absorption. Further, using the same samples, we are able to demonstrate detection at extended wavelengths.
The value of α Ge = 0.0017 μm −1 is in excess of that expected for bulk Ge via an indirect bandgap transition of 0.653 eV (1900 nm), which is known to be ∼0.0002 μm −1 [26] . Fig. 5 . includes simulated curves obtained from FEMSIM using α Ge = 0.0001, 0.001, and 0.003 μm −1 for comparison with the optimal data fit. A value of 0.0017 μm −1 is consistent with a relative bandgap narrowing of ∼0.0375 eV, compared to the bulk material. We postulate that this absorption is (at least partially) the result of strain induced narrowing of the indirect bandgap; a similar conclusion as was described for direct transitions in [16] . A bandgap narrowing of this degree is consistent with a tensile strain of ∼0.6%, indicated by theoretical calculation [27] .
The enhancement of responsivity of integrated Ge detectors has been well-described previously for operation in the L-band [16] . The raised temperature epitaxial growth, together with the different thermal expansion coefficients for Ge and Si, results in the introduction of tensile strain in the Ge when the sample is cooled at the completion of the growth cycle.
B. Raman Determination of Strain
In order to evaluate the presence and estimate the magnitude and type of any strain in the integrated Ge photodetectors, we compared the dominant Ge-Ge Raman scattering peak obtained from the detector samples with that of a sample of bulk, unstrained Ge. In order to determine the precise peak position, Raman Scattering peaks were fit with a single Lorentzian function. In total, 45 measurements were taken from the bulk unstrained Ge, from which we generated a histogram of peak positions, Fig. 6 . Histograms depicting the peak positions determined for unstrained bulk Ge (n = 45) and device 1 (n = 28) and 2 (n = 25) with Gaussian fits from which we retrieve the average and standard deviation for each.
shown in Fig. 6 . A normally distributed fit to the histogram yields an average peak position of 300.84 cm −1 with a standard deviation (σ) of 0.07 cm −1 , which is in excellent agreement with the literature value for unstrained Ge [28] . A similar approach was used to determine the average peak position for two Ge/Si waveguides (L Ge ). For the first sample (device 1), a total of 28 measurements, and for the second sample (device 2) 25 measurements were taken. Similar histograms (and fits) were generated and are also shown in Fig. 6 , yielding average peak positions of 300. and −0.62 cm −1 (indicating the presence of tensile strain) in the detector device(s), relative to the bulk unstrained Ge. It is difficult to determine the strain precisely from these peak shifts because of the variation in the reported values of the strain-shift coefficient, b = (Δω/Δε), which is in the range 390 cm −1 to 424 cm −1 [29] , [30] . Although the Ge/Si waveguides naturally have a large aspect ratio, we assume that the biaxial nature of the strain is preserved. Taking an average value for b (= 407 cm −1 ) indicates a peak (tensile) strain of 0.15% for device 1 and 0.12% for device 2, which is at the lower end of that typically reported (0.15 to 0.25%) after high temperature annealing of epitaxial Ge on Si [31] . It is well known that the biaxial tensile strain in Ge layers grown or deposited on Si develops, after recovery from high temperature thermal treatments, as a result of the mismatch of the thermal expansion coefficients of the two materials.
Although the different device lengths (for device 1, L Ge is 492 μm whilst for device 2, L Ge is only 92 μm) exhibit small differences in the average Raman peak positions (and thus strain), we note that this difference is below the two-sigma level, meaning it may not be statistically significant. The larger average Raman shift for both devices, relative to that of the unstrained Ge peak, on the other hand does imply that, despite differences in device geometry and relative position on the chip, the Ge-Si material exhibits a tensile strain (0.12-0.15%), which is consistent with that commonly reported. Given the uncertainty in the theoretical expectation of the bandgap narrowing with tensile strain and the uncertainty associated with our determination of α Ge , these Raman measurements (specifically the confirmation of the presence of biaxial, tensile strain) are consistent with our interpretation that the enhanced responsivity at extended wavelengths in these devices is, at least in part, the result of the same strain induced band-gap narrowing mechanism as that reported in [16] . This is despite the relatively small absolute value of the strain inferred.
Although we can gain a qualitative sense of the impact of this measurement uncertainty in relating strain to narrowing by referring to the simulated data in Fig. 5 , it is also worth considering the potential impact of the presence of crystal defects at the Ge-Si interface, an inevitable consequence of epitaxial growth of lattice mis-matched materials [31] . It is well-known that defects will add to optical absorption in semiconductors, and indeed this phenomenon is used in defect-mediated detection [19] . Thus, if we accept the possibility that uncertainty in our methodology coupled with that associated with the theoretical models in [27] cannot account entirely for the discrepancy between the absolute strain and the absorption we observe, it is possible that absorption via these defects could account for the deficit.
C. Avalanche Detection
In an effort to explore a device design exploiting the strained indirect transition for extended wavelength detection with practical responsivity performance we carried out preliminary, experimental analysis of an integrated Ge-Si Avalanche Photo Detector (APD). Specifically, we combined Ge and Si in a SeparateAbsorption-Charge-Multiplication (SACM) APD which has been shown to provide order of magnitude improvements in responsivity, (with high electrical bandwidth) compared to linear Ge p-i-n devices [32] . Using a modification of the p-i-n device shown in Fig. 1 we fabricated an SACM device based on the evanescently coupled avalanche detector described in [33] . A schematic of the detector structure is shown in Fig. 7 . The modified (over Fig. 1.) design inverts the polarity of the highly-doped contacts (with the top-contact now p-type); inserts a 500 nm low-doped Si multiplication layer (epitaxially grown) below the Ge absorption layer; and inserts a charge layer at the interface of the Si and Ge, p-doped to a concentration of ∼2 × 10 17 cm −3 . Details pertaining to the principle of device operation and design can be found in [32] and [33] . The length of the APD was 14 μm. In common with the p-i-n device shown in Fig. 2 , the light is evanescently coupled to the detector via a silicon waveguide which terminates as a nanocoupler.
The responsivity of the APD at a wavelength of 1960 nm and input power of 0 dBm as a function of reverse bias is shown in Fig. 8 . The non-linear nature of the APD is evident, with electrical characteristic comparable to the device described in [32] . For the reverse bias range shown, the dark current remained <1 μA.
The responsivity of the APD was determined for reverse biases ranging from 19-21.4 V, as a function of the wavelength range 1850 nm −1970 nm. The data is plotted in Fig. 9 . The data for biases of 21.4 V and for 21 V has been subjected to modest smoothing, and the original (unsmoothed) data is included for comparison. The variation in the unsmoothed data is a result of non-uniformity in the output of the tunable laser. gain (also calculated through comparison with the 50 μm p-i-n device) for 21 V bias was M = 6.1, and for 19 V bias was M = 2.2. The gain was essentially invariant with wavelength in this range, and we note that the calculated values are conservative in that the length of the APD was 14 μm (significantly less than the 50 μm length for the p-i-n). Fig. 10 shows a representative plot of gain versus bias for the APD device with 0 dBm input at 1960 nm.
The bandwidth of a device using this APD design was reported to be >6 GHz for a device length of 100 μm [33] . We anticipate that our shorter device would yield an increase in bandwidth due to its reduced capacitance. The gain-limited bandwidth is in excess of these values and we note the gain-bandwidth product of surface illuminated structures using similar layer thickness and doping is 340 GHz [32] . While small-signal bandwidth measurements are not reported in this paper, we anticipate the bandwidth of these devices to be comparable with devices of similar design operating at lower wavelengths. Further, we expect improvements in the speed of operation resulting from modified design such as those reported elsewhere [8] [9] [10] [11] .
IV. CONCLUSION
This paper reports the use of evanescently coupled Ge waveguide detectors in the wavelength range of 1850-2000 nm. The devices described were fabricated in a commercial silicon photonics foundry using a process flow designed for detection in the O, C and L bands. Detection in the extended wavelength range is via the indirect bandgap and is shown to be enhanced by tensile strain, as revealed by Raman spectroscopy. While the responsivity of the p-i-n detectors at 1850 and 2000 nm is modest for the devices described here (20 mA/W and 5 mA/W respectively), we suggest that this could be increased significantly by reducing the parasitic absorption, which dominates for the current design. Specifically, by removing the doped contact from the Ge waveguide, the intrinsic absorption of the indirect bandgap is likely to dominate. Such a detector design is described in [34] . Additionally, by increasing the strain in the detectors, either through geometrical design or the addition of a dielectric stressor [35] , it is possible to further increase the intrinsic absorption of the Ge waveguide. A modified design incorporating an SACM-APD yields responsivities of 0.31 A/W at 1850 nm and 0.08 A/W at 1970 nm. These responsivities and the anticipated bandwidth of the APD design would result in practical devices.
In conclusion, we have shown that the use of Ge detectors fabricated using the same processes used for common application in the O, C and L bands provide a feasible route to integrated detection in silicon photonic circuit design for use in the extended wavelength range that overlaps with the TDFA gain band.
